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Abstract
At Pedro Beach on the southeastern coast of Australia a series of foredune ridges provides an opportunity to
explore the morphodynamic paradigm as it applies to coastal barrier systems using optically stimulated
luminescence (OSL) dating, ground penetrating radar (GPR) and airborne LiDAR topography. A series of
sandy dune-capped ridges, increasing in height seawards, formed from c. 7000 years ago to c. 3900 years ago.
During this time the shoreline straightened as the embayment filled and accommodation space for Holocene
sediments diminished. Calculation of Holocene sediment accumulation above mean sea level utilising
airborne LiDAR topography shows a decline in average sediment supply over this time period coupled with a
decrease in shoreline progradation rate from 1.2 m/yr to 0.38 m/yr. The average ridge 'exposure lifetime'
during this period increases resulting in higher ridges as dune-forming processes have longer to operate.
Increasing exposure to wave and wind energy also appears to have resulted in higher ridges as the sheltering
effect of marginal headlands was diminished. An inherited disequilibrium shoreface profile will drive onshore
accumulation of sandy sediments forming a prograded barrier; however, if there is no longer 'accommodation
space' for sediment, this will be an overriding factor causing the cessation of progradation, as occurred c. 3900
years ago at Pedro Beach. Excess sediment in the nearshore zone after 3900 years ago may have been moved
northward to nourish downdrift beaches in the compartment. A high outer foredune has formed through
vertical accretion after 500 years ago, evidenced by GPR subsurface structures and OSL ages, with a distinct
period of vertical and lee slope accretion and dated to the period 1890-1930 AD. The increased dune
sediment transport resulting in foredune building is attributed to recent human disturbance. 2018 John Wiley
& Sons, Ltd.
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Abstract 20 
At Pedro Beach on the southeastern coast of Australia a series of foredune ridges 21 
provides an opportunity to explore the morphodynamic paradigm as it applies to 22 
coastal barrier systems using optically stimulated luminescence (OSL) dating, 23 
ground penetrating radar (GPR) and airborne LiDAR topography. A series of sandy 24 
dune–capped ridges, increasing in height seawards, formed from ca. 7000 years ago 25 
to ca. 3900 years ago. During this time the shoreline straightened as accommodation 26 
space for Holocene sediments diminished. Calculation of Holocene sediment 27 
accumulation above mean sea level utilising airborne LiDAR topography shows a 28 
decline in average sediment supply over this time period coupled with a decrease in 29 
shoreline progradation rate from 1.2 m/yr to 0.38 m/yr. The average ridge ‘exposure 30 
lifetime’ during this period increases resulting in higher ridges as dune-forming 31 
processes have longer to operate. Increasing exposure to wave and wind energy 32 
also appears to have resulted in higher ridges as the sheltering effect of marginal 33 
headlands was diminished. An inherited disequilibrium shoreface profile will drive 34 
onshore accumulation of sandy sediments forming a prograded barrier; however, if 35 
there is no longer ‘accommodation space’ for sediment, this will be an overriding 36 
factor causing the cessation of progradation, as occurred ca. 3900 years ago at 37 
Pedro Beach. Excess sediment in the nearshore zone after 3900 years ago may 38 
have been moved northward to nourish other beaches in the compartment. A high 39 
outer foredune has formed through vertical accretion in the past 500 years, 40 
evidenced by GPR subsurface structures and OSL ages, with a distinct period of 41 
vertical and lee slope accretion and dated to the period 1890-1930 AD. The 42 
increased dune sediment transport resulting in foredune building is attributed to 43 
recent human disturbance. 44 
Introduction  45 
The millennial-scale behaviour of sandy wave-dominated shorelines is a function of 46 
the inherited regional and local geological framework which influences sediment type 47 
and availability, as well as sediment transport patterns as the antecedent topography 48 
modifies wave, wind, tide and current energy (Dillenburg et al. 2000; Porter-Smith & 49 
McKinlay 2012; Riggs et al. 1995; Roy et al. 1994; Short 2010a). The presence of 50 
marginal headlands and offshore reefs, the size and dimensions of coastal valleys 51 
flooded by the Post-Glacial Marine Transgression (PGMT) (Bishop and Cowell 1997) 52 
and substrate slope (Roy et al. 1994) all exert a control on shoreline morphology 53 
over millennial timescales on sandy coastlines.  These environmental factors dictate 54 
the conditions under which dune, beach and nearshore morphodynamics interact to 55 
produce and modify coastal morphology (Wright & Thom 1977). 56 
Past studies have stressed the importance of the morphodynamic concept 57 
underpinning beach-ridge formation (Carter 1986) and shorter-term processes on 58 
sandy shorelines such as the formation intertidal sand bars (e.g. Masselink et al. 59 
2006; Phillips et al. 2017). The Australian coastline has been a focus of the 60 
application of morphodynamics to beach and surf zone variability (e.g. Short 2012; 61 
Wright et al. 1979; 1984; 1986; 2006) while Cowell and Thom (1994) and Roy et al. 62 
(1994) have outlined the complexities in understanding the morphodynamics of large 63 
scale longer-term coastal behaviour, emphasising the need for empirical 64 
morphostratigraphic data from coastal barriers in order to test morphodynamic 65 
models such as the Shoreface Translation Model (STM) (Cowell et al. 1995).  66 
Prograded coastal barriers preserve an archive of shoreline behaviour under certain 67 
environmental conditions and accommodation space. Many recent prograded barrier 68 
studies have sought to extract palaeoenvironmental information from these 69 
depositional landforms (Tamura 2012) such as sea level (Costas et al. 2016; 70 
Dougherty 2014), storm events (e.g. Buynevich et al. 2004; 2007; Dougherty 2014, 71 
see Goslin et al. 2017 for recent review) and cyclones (e.g. Nott & Forsyth 2012). 72 
However, with this focus on palaeoenvironmental reconstruction, there has been a 73 
relative dearth of studies empirically considering shoreline morphodynamics and 74 
longer-term coastal evolution, yet there has concurrently been advances in 75 
morphodynamic modelling (e.g. Ashton & Lorenzo-Trueba 2018; Cañizares & Irish 76 
2008; Kinsela et al. 2016; Lorenzo-Trueba & Ashton 2014; Magliocca et al. 2011). 77 
These morphodynamic modelling studies have relied on chronological and 78 
morphostratigraphic data from sedimentary archives to test modelled drivers of 79 
coastal barrier evolution (Cowell and Kinsela 2018; Kinsela et al. 2016). The New 80 
South Wales (NSW) coast in southeastern Australia presents an ideal field 81 
laboratory to utilise the morphodynamic paradigm in advancing our understanding of 82 
shoreline behaviour given the variety of coastal depositional landforms, the historical 83 
datasets available and relatively recent advances in geochronology, geophysics and 84 
spatial data capture.  85 
This is especially timely given the recent progress in coastal management in NSW 86 
whereby legislative and regulatory reviews have culminated in the Coastal 87 
Management Act 2016 which recognises the importance of the ‘coastal sediment 88 
compartment’ (Davies 1974), as tool for dividing the coastline into a series of 89 
spatially nested subsections according to physical characteristics and sediment 90 
budget rather than regulatory boundaries (Thom et al. 2018). The use of coastal 91 
compartments and sediment budgets as a management tool has also been applied 92 
along the coast of the United Kingdom (Cooper et al. 2001; Cooper and Pontee 93 
2006; Nicholls et al. 2013), and subsequently in Western Australia (Eliot et al. 2011). 94 
This paper combines geochronological, geophysical and spatial datasets for Pedro 95 
Beach to better constrain morphodynamic processes operating over geological 96 
timescales and the influence of these processes on shorter-term shoreline behaviour 97 
considering dune, beach and shoreface interactions. In addition, as Pedro Beach 98 
forms part of a broader coastal compartment, this paper seeks to advance our 99 
understanding of the sediment distribution and transport pathways in this 100 
compartment. 101 
Study Area 102 
The Pedro Beach prograded barrier is located in southeastern Australia 250 km 103 
south of Sydney (Fig.1) and around 4 km south of the Moruya River which flows into 104 
the Tasman Sea at the southern end of Bengello Beach (where a long-running 105 
beach survey program exists McLean & Shen 2006; McLean et al. 2010). A complex 106 
dendritic drainage system has formed in the Palaeozoic geology with Holocene 107 
sediments filling inherited embayments separated by rocky promontories. The 108 
coastal barrier deposits have formed following PGMT when sea level reached at or 109 
near present level around 7000 years ago (Lewis et al. 2013; Sloss et al. 2007). 110 
There are differing opinions as to whether there has been higher sea levels along the 111 
NSW coastline since the PGMT with some authors suggesting a 1-2 metre high-112 
stand falling to present ca. 2000 years ago (Lewis et al. 2013; Sloss et al. 2007).  113 
Wave climate in this region of the Tasman Sea is dominated by southeast swell with 114 
average significant wave height approximately 1.5 m (Shand et al. 2010) and the 115 
mean spring tidal range is approximately 1.6 m (Thom, 1984). The dominant 116 
southeast swell generally favours a south to north drift of sediment, although 117 
interrupted by headlands. 118 
Under new coastal management legislative frameworks around Australia (Thom et 119 
al. 2018), Pedro Beach lies within the ‘Broulee’ ‘Secondary Compartment’. This 120 
compartment stretches from Bingie Bingie Point 6.5 km south of Pedro Beach south 121 
of the main map in Fig. 1, to Mosquito Beach near the northern limit of the map in 122 
Fig.1. Interpretation from aerial photographs and from limited multibeam survey lines 123 
indicates that subaqueous rocky outcrops form reefs proximal to many of these 124 
headlands interspersed with nearshore sediments. The inner nearshore zone 125 
proximal to Pedro Beach (also found near Bengello Beach) is a medium to fine 126 
grained, well to moderately well sorted quartz rich sand grading to the inner 127 
continental shelf sand which is a coarse, moderately to poorly sorted shelly sand 128 
with some areas of gravel, shell and mud (Hall 1981).  129 
Directly east of Pedro Beach in 50-60 m water depth a topographic rise forms a 130 
substantial reef structure and the localised patches of sand around these reef 131 
structures have high amounts of skeletal carbonate grains. East of Bengello Beach, 132 
areas of sandy substrate rich in quartz appear to dominate (Hall 1981). A series of 133 
offshore topographic profiles of the sea floor perpendicular to the major beaches in 134 
Fig.1 display a general trend of decreasing water depth northward towards Bengello 135 
and Broulee beaches within 5 km of the shoreline (Fig. 2).  136 
The Pedro Beach coastal plain comprises a series of low-relief ridges which 137 
preserve past shoreline positions (Fig.3). Airborne LiDAR surveys show that these 138 
ridges steadily increase in height seaward and become less curved; the modern 139 
shoreline shows a markedly different planform geometry to past ridge alignments. 140 
The plain is bisected by a small tidal inlet (Congo Creek) which has exhibited 141 
substantial entrance variability in planform. 142 
A foredune stands up to 12 metres high close to the present shoreline and has a 143 
distinctive lobed inner margin. On the seaward side of this higher foredune the 1974 144 
storm event (labelled a 1:100 year storm recorded in the profiling at Bengello Beach 145 
(Jeans & Davies 1984; McLean et al. 2006) is preserved as a prominent relict dune 146 
scarp. Between this relict scarp and the active beach is a low sparsely vegetated 147 
incipient foredune which is cut back by storm wave action and then recovers. A 148 
prominent beach berm is common in fair weather conditions.  149 
Monthly surveys since 2007 of Pedro Beach and Moruya Beach immediately north 150 
(Fig.1), show distinct beach rotation and oscillation on the inter-annual scale. All 151 
three beach profiles at Pedro showed negative trends in shoreline position between 152 
2007-2013 (Short et al. 2014), however the benchmarks for all profiles at Pedro are 153 
several metres seaward of the 1974 dune scarp position so interdecadal trends in 154 
shoreline position are not captured by this profiling data. The beach state (Wright & 155 
Short, 1984) at Pedro Beach is intermediate maintaining transverse bar and rip to 156 
rhythmic bar and beach states (Short et al. 2014). Observations of Pedro Beach 157 
following the most recent severe erosion event on this coastline in June 2016 158 
showed that the dominant east to north-east storm wave direction (Harley, et al., 159 
2017; Mortlock et al. 2017) resulted in more severe beach erosion in the southern 160 
portion of the embayment with the incipient foredune being cut back, while in the 161 
centre and north, erosion was less severe. However, at all beach profiles at Pedro 162 
beach, erosion caused by the June 2016 storm event did not reach 1974 relict scarp 163 
position which suggests relative shoreline stability at Pedro Beach over the past ca. 164 
40 years. 165 
Methods 166 
Optically stimulated luminescence (OSL) dating 167 
Samples for OSL dating were collected in December 2015 and January 2017 (Fig. 3) 168 
using light-impenetrable black plastic and aluminium tubes which were hammered 169 
into the end of an auger sampling head enabling extraction of light-safe grains from 170 
depths of up to 5 m below the ground surface. Sample locations were spaced across 171 
the coastal plain targeting key ridges or depositional features interpreted from 172 
airborne LiDAR imagery. Sample depths are shown in Table 1 with all samples being 173 
dune sands. OSL samples were also collected at strategic points over the higher 174 
foredune and referenced according to distance along the two GPR transects in the 175 
central and south of Pedro Beach. Auger holes also enabled ground truthing of 176 
subsurface features. 177 
Samples for OSL dating were processed at the OSL laboratory at the Geological 178 
Survey of Japan. Sediment within 20–25 mm of the ends of each sample tube was 179 
removed and used for measurements of moisture content and dosimetry. Quartz 180 
grains were extracted from bulk samples following the method of Bateman and Catt 181 
(1996) and mounted on stainless steel disks to form large (8 mm in diameter) 182 
aliquots. These discs were then measured with a TL-DA-20 automated Risø TL/OSL 183 
reader equipped with blue LEDs for stimulation and a 90Sr/90156 Y beta source for 184 
laboratory irradiation.  185 
The single-aliquot regenerative-dose (SAR) protocol was used to determine the 186 
equivalent dose (De) using the OSL response to a test dose to monitor and correct 187 
for sensitivity changes (Murray and Wintle, 2000). OSL measurements were made at 188 
125 °C with a stimulation time of 20 s. Standard sample testing procedures were 189 
carried out resulting in the adoption of a preheat/cutheat temperature combination of 190 
180 °C/ 160 °C for the OSL measurements. Standard SAR protocol measurement 191 
tests were applied during sample measurement to asses recycling, recuperation and 192 
feldspar contamination.  193 
The contributions of both natural radioisotopes and cosmic radiation were 194 
considered for determination of the environmental dose rate (Tab. 1, Tab. 2). 195 
Concentrations of potassium, uranium, thorium, and rubidium were quantified by 196 
inductively coupled plasma mass spectrometry and were converted to dose rate 197 
based on data from Adamiec and Aitken (1998) and Marsh et al. (2002). Past 198 
changes of moisture content are unknown, so an uncertainty value of 5% was 199 
applied to the measured moisture content values. Cosmic dose rate was estimated 200 
based on Prescott and Hutton (1994). The final De value was determined by 201 
applying the Central Age Model (Galbraith et al., 1999) for individual sample and 202 
further divided by an environmental dose rate to obtain OSL ages. All OSL ages 203 
were expressed relative to AD 2016. 204 
Ground Penetrating Radar (GPR) 205 
Ground Penetrating Radar (GPR) surveys were undertaken in December 2015 and 206 
January 2017. Shore-normal transects were constructed across the seaward-most 207 
200-300 m of the coastal plain in the central and southern portions of the coastal 208 
plain capturing the stratigraphy of the most recently deposited ridges and the higher 209 
foredune (Fig. 3). GPR was collected using a Mala Pro Ex system with a 250 MHz 210 
shielded antenna. Topographic survey data for the north and south profile was 211 
collected with an RTK GPS and dumpy level respectively. GPR data processing was 212 
completed in RadExplorer Version 1.42 and standard processing routines were 213 
applied including desaturation, time-zero correction, horizontal background removal, 214 
amplitude correction, bandpass filtering, migration and topography. A two-layer 215 
velocity structure was adopted for conversion of two-way travel time (y axis) to depth 216 
so as to account for the change in water content due to the ground water table. 217 
Values of 0.14 m/ns above the water table and 0.07 m/ns below the water table were 218 
adopted. Depth corrected profiles were referenced to MSL by overlaying the 219 
topographic profile from each transect. 220 
LiDAR topography and barrier volume analysis 221 
LiDAR topography was obtained through Land and Property Information (LPI) as a 1 222 
m grid derived from a survey completed in 2011 shown in Figure 1. This dataset was 223 
utilised for analysis of ridge topography and for the calculation of volumes of 224 
subaerial sand stored in the barrier sequence. Sediment volume for defined 225 
segments of the Pedro Barrier were calculated using ESRI ArcGIS 10.2 using the 226 
‘Polygon Volume’ tool which calculates the volume between the LiDAR ground 227 
surface and defined horizontal plane, in this case 0 m Australian Height Datum 228 
(AHD) (which approximates mean sea level (MSL) on this coastline). The additional 229 
volume of the higher foredune was calculated by tracing the outline of this feature 230 
and accounting for the sediment above +7 m AHD, which represents an average 231 
height of the ridge crests immediately landwards. The final value in m3 for the 232 
foredune represents the additional contribution of sediment contained in this feature. 233 
Total barrier volume, which would include the volume below MSL down to the pre-234 
Holocene basement, was not calculated as the depth to basement is unknown. 235 
However, unpublished coring data on the innermost ridge in the northwest of the 236 
barrier suggests that the basement may reasonably shallow, perhaps in the order of 237 
2-4 m below MSL, in such areas and then deepening seaward. Near the present 238 
shoreline the basement depth is likely to be in the order of 20-30 m below MSL 239 
considering drilling data for the barrier system behind Bengello Beach to the north 240 
(Oliver et al. 2015; Thom et al. 1981). 241 
Results 242 
OSL ages 243 
The innermost ridge to the south of Congo Creek was confirmed to be the oldest in 244 
the sequence and indicates that deposition commenced approximately 7000 years 245 
ago (Fig.3 Tab. 2) consistent with the time at which sea level reached at or near 246 
present level on this coastline (Lewis et al. 2013; Sloss et al. 2007) and other studies 247 
or prograded barriers in this region (Oliver et al. 2017; Oliver and Woodroffe 2016). 248 
The main section of the coastal plain north of Congo Creek began forming around 249 
5800 years ago. Between 7000 years and 5800 years ago progradation rate was 250 
0.30 m/yr and it is hypothesised that large amounts of sediment, which might have 251 
resulted in rapid shoreline progradation (as occurred later in the barrier history), 252 
formed the large flood-tide delta (FTD) during this time which acted as a significant 253 
sediment sink (Fig.3). FTDs are common along the NSW coast and their deposition 254 
has been well-documented using shallow seismic and radiocarbon dating at many 255 
locations (e.g. Roy & Crawford 1979; Roy & Peat 1976; Roy et al. 1980; 2001; Sloss 256 
2005; Sloss et al. 2006). These studies indicate that such FTD facies range in 257 
thickness and extent and depositional history yet play an important role in early 258 
phases of estuary development and infill. 259 
Progradation of the shoreline was rapid between 5800 and 5200 years ago at a rate 260 
of 1.2 m/yr and then slowed to 0.38 m/yr between 5200 and 3900 years ago (Fig. 3 & 261 
Fig. 4). During these two phases of progradation, the crest elevation of the ridges 262 
gradually increased (Fig. 4) and the shoreline straightened and shortened (Fig. 4). 263 
Minimal progradation has occurred from 3900 years ago until present, although one 264 
age immediately behind the higher foredune in the south suggests some deposition 265 
occurred until ca. 3500 years ago in this part of the barrier (Fig. 3, inset 2). Several 266 
OSL ages between 800-500 years were obtained for sediment deposited just inland 267 
of the 1974 storm scarp position and beneath the higher foredune. The proximity of 268 
ages between 800-500 to the ages of 3900-3500 further landward would imply that 269 
the shoreline has been stationary for several thousand years with material likely 270 
eroded and redeposited within a 100 m zone (Fig. 4). Samples collected from the 271 
upper 2 m of the foredune returned ages of 130-75 years indicating recent aeolian 272 
deposition to heighten the outmost foredune. 273 
GPR profiles 274 
The two shore-normal GPR transects covering the outer approximately 100 m of the 275 
coastal plain demonstrate a complex dune stratigraphy for the higher foredune 276 
where a series of relict beach scarps and upper beachface surfaces are overlain by 277 
a sub-horizontal palaeosol above which are complex interbedded dune surfaces 278 
(Fig. 5). This stratigraphy of the upper portion of the high foredune contains many 279 
landward dipping reflections providing evidence for lee slope accretion and landward 280 
movement of this dune by wind action.   281 
On the seaward side of the foredune, behind the 1974 storm scarp position, the GPR 282 
survey has imaged several truncations in the upper beach/dune stratigraphy 283 
(between 2 m and 6 m above sea level). These truncations are separated by 284 
packages of sediment with sub-horizontal to gently seaward-dipping reflections 285 
which are interpreted as indicating periods of fair-weather accretion and incipient 286 
foredune development between erosional events. This interpretation is supported by 287 
examination of the imaged structures within the present-day incipient foredune and 288 
the consistent elevation between the sediment packages and this feature.  289 
The preserved truncations in the central GPR transect A (Fig. 5) are associated with 290 
the OSL age of 660 ± 30 yrs while in the south GPR transect B (Fig. 5) the single 291 
truncation is seaward of the OSL age of 790 ± 40 yrs. This suggests that these 292 
erosional truncations have occurred between 800 and 600 years ago given there is 293 
one truncation seaward of the 660 ± 30 yrs age. However, because the shoreline is 294 
likely to have existed within a narrow 100 m zone for at least ca. 3500 years (Fig. 4), 295 
within this zone there may have been numerous minor advances and retreats of the 296 
shoreline with only the stratigraphy of the most recent episodes preserved. 297 
Barrier sediment volume 298 
Between 7000 and 5800 years ago, when barrier deposition commenced south of 299 
Congo Creek, the shoreline accreted sediment above MSL at a rate of 1575 m3/yr. 300 
Expressed as a value relative to approximate shoreline length at that time, this 301 
equates to 1.5 m3/m/yr. During this early phase of barrier deposition, when the 302 
shoreline was proximal to the shoreline dated 7050 ± 400 (Fig.3), the FTD was likely 303 
forming and accumulating sediment at a rate of 1860 m3/yr (assuming a conservative 304 
average thickness of 2 m below MSL and FTD active between 7000-5800 years). 305 
This volume of sediment is greater than that which was being accreted on the active 306 
beach (above MSL) demonstrating the importance this estuarine environment as a 307 
sediment sink early in the barrier history. However, the volume calculated for the 308 
active shoreline during this time, is a volume above present-day MSL, and this value 309 
would increase accounting for volume below present-day MSL. Nevertheless, the 310 
FTD may have been accumulating sediment which might otherwise have been 311 
added to the active shoreline between 7000-5800 years ago. Therefore, the FTD, 312 
acting as a sediment sink early in the barrier’s depositional history, may have 313 
prevented to some degree, the rapid shoreline progradation which occurred after 314 
5800 years ago. After 5800 years ago the shoreline had prograded seawards such 315 
that the FTD was likely to be less active in sequestering sediment.  316 
Barrier accumulation was rapid at 6.6 m3/m/yr in the central and northern portion of 317 
the barrier between 5800-5200 years ago. From 5200-3800 years ago sediment 318 
accumulation slowed to 2.3 m3/m/yr. After approximately 3900 years ago barrier 319 
progradation has been minimal with volumes of sediment accumulated on the barrier 320 
in the order of 0.1 m3/m/yr. The period of slower shoreline progradation and lower 321 
subaerial sediment accumulation from 5200-3900 is intriguing given that the 322 
accommodation space for sediment (in planform) has diminished. With a steady and 323 
ongoing supply of sediment, a reduction in planform accommodation space would 324 
result in an increase in progradation rate, however, in the case of Pedro the 325 
shoreline may also have been prograding into deeper water as it neared the present 326 
shoreline position hence more sediment was required to build the barrier seaward 327 
and progradation rate slowed. 328 
The higher outermost foredune, with an elevation of up to 12 m, contains an 329 
additional 72 m3/m of sand (above 7 m elevation; the approximate height of the 330 
ridges immediately landward). The time over which the sediment above 7 m 331 
elevation (also the approximate height of the preserved palaeosol) was deposited is 332 
difficult to determine as the age of 520 ± 30 in the central GPR transect A (Fig. 5) is 333 
only 20-30 cm above the palaeosol. While it appears that the upper 2 m of the 334 
foredune was deposited between 130-75 years ago, there may have been other 335 
phases of building prior to this, thus it is difficult to determine a rate of sediment 336 
supply to this feature (in m3/m/yr). However, if the majority of the foredune volume 337 
has rapidly accumulated over the period between 130-75 years (55 years) the rate is 338 
in the order of 1.3 m3/m/yr. If a scenario is adopted where foredune building was 339 
more gradual over the past ca. 500 years, the rate would be 0.1 m3/m/yr which is 340 
consistent with the long-term average over the past 3900 years of 0.1 m3/m/yr. 341 
However, there has definitely been recent phase (130-75 years ago) of foredune 342 
deposition accounting for much of the height of the dune.  343 
Discussion 344 
Drivers and controls of Holocene barrier evolution 345 
The deposits preserved behind Pedro Beach afford the opportunity to examine the 346 
coastal morphodynamic processes operating over millennia which impose the 347 
conditions under which shorter-timescale beach and dune processes operate. 348 
Kinsela et al. (2016) have demonstrated the role of an inherited disequilibrium 349 
shoreface profile as a key driver of onshore accumulation of sandy sediments 350 
forming prograded barriers on the central NSW coast. At Pedro, the progressive 351 
down-wearing of the shoreface as sediment is moved onshore to form the barrier, 352 
may have exposed much of the rocky reef now evident to the northeast and 353 
southeast of the current shoreline position (Fig. 1). However, at Pedro Beach 354 
progradation effectively ceased at approximately 4000 years ago as much of the 355 
embayment had filled with sediment and there was no longer ‘accommodation 356 
space’ for sediment. In other words, the evidence suggests that cessation of 357 
progradation at Pedro Beach was not driven by the shoreface reaching equilibrium 358 
profile, hence stopping onshore sand transport, rather the filling of the geologically 359 
inherited embayment accommodation space has independently overridden the 360 
shoreface morphodynamic drivers of barrier progradation.  361 
If, after progradation ceased around 4000 years ago, the shoreface east of Pedro 362 
Beach was still out of equilibrium, adjustment by onshore transport may not have 363 
been possible. If this was the case, then alongshore transport is a plausable 364 
mechanism to bring the shoreface into equilibrium. However, the rocky reefs to the 365 
north of Pedro Beach are currently a substantial barrier to subaqueous alongshore 366 
transport, and have presumably been impeding this process throughout the late 367 
Holocene. Alternatively, these reefs have been exhumed more recently as sand 368 
once covering them has been transported onshore or alongshore.  369 
Northward sand transport above MSL is very likely to have occurred over the late 370 
Holocene northward around Pedro Point as an active beach currently extends 371 
around this headland connecting Pedro Beach with Moruya Beach (Fig. 3). 372 
Furthermore, there must be a source of sand for the foredune ridges evident behind 373 
Moruya Beach and onshore sand transport on this beach is currently inhibited by the 374 
extensive shallow reef to the east and southeast (Fig. 1). It is plausible that after ca. 375 
3900 years ago, excess sand from Pedro Beach may have been transported around 376 
Pedro Point to nourish Moruya Beach and promote foredune ridge development. 377 
Further dating of the ridge sequence behind Moruya Beach would enable testing of 378 
this possibility. 379 
Comparison of progradation rate between the Pedro Beach barrier system and 380 
Bengello Beach system to the north (Fig. 1) reveals that Pedro Beach accumulated 381 
sediment far more rapidly prior to progradation ceasing 4000 years ago (Fig. 7). At 382 
Bengello, shoreline progradation rate was at an average of 0.27 m/yr over the entire 383 
depositional history of the plain (Oliver et al. 2015), compared to 1.20 m/yr and 0.38 384 
m/yr between 5800-5200 and 5200-3900 years respectively at Pedro Beach (Fig. 7). 385 
The initial phase of barrier deposition at Pedro Beach (between 7000-5800) was at a 386 
similar rate to Moruya, 0.30 m/yr (Fig.7). It can be demonstrated (Fig. 6) that almost 387 
the full width of the Pedro Beach barrier was deposited by ca. 4000 years ago. 388 
Subaerial volumes of sediment accumulated at Pedro Beach from ca. 7000-3900 389 
years ago range between 1.5-6.6 m3/m/yr, which is comparable to the average 390 
sediment delivery for the entire eastern coast of Australia in Short (2010b) of 2.7 391 
m3/m/yr. 392 
It has been suggested that the height of a given ridge is a result of shoreline 393 
progradation rate, whereby rapid progradation results in low ridge relief, and slower 394 
progradation rates result in higher ridge relief (Davies 1957; Shepherd 1987). The 395 
pattern of increasing ridge height with decreasing progradation rate at Pedro Beach 396 
between ca. 5800 and ca. 3900 years ago is consistent with this hypothesis. 397 
However, at Pedro Beach, the dynamic interaction between wave and wind energy 398 
and a sandy beach/dune system has been moderated by boundary conditions 399 
(positive sediment supply) which produced shoreline progradation. This leads to an 400 
increase in wave and wind energy level (as the sheltering effect of headlands to the 401 
north and south was diminished), resulting in a change in beach/dune form. This 402 
change in beach/dune morphology to a more energetic state, in turn enables a new 403 
set of processes further modifying the shoreline and changing the dune building 404 
potential (Short and Hesp 1982). Therefore, while in principal, a slower progradation 405 
rate may produce higher ridges (as dune sediment accumulation has longer to 406 
operate), other complicating factors, such as the changing beach/dune 407 
morphodynamics and the changing exposure of the dune system to prevailing winds 408 
discussed above, are likely to be important. 409 
Vertical foredune building 410 
A clear palaeosol was discovered during drilling corresponding to the sub-horizontal 411 
reflection between 25 m and 35 m in GPR line A (Fig.5) at an elevation of 412 
approximately 7.5 m. A sample of dune sediment 20-30 cm above this palaeosol is 413 
dated to 520 ± 30 years with ages between 130-75 years (between 1890-1930 AD) 414 
for the upper 2 m of the dune. This would suggest that vertical foredune building 415 
began sometime after ca. 500 years ago with a more recent episode of vertical 416 
accretion and landward migration taking place since the late 1800’s. It is this much 417 
younger dune sand which gives this feature a higher elevation with respect to the 418 
older ridges. As can be seen in the Lidar image in Figure 7 this higher foredune has 419 
a distinctive morphological character unlike the older ridges. The crest of the 420 
foredune is sinuous and there is a distinct lobate inner margin with small climbing 421 
blowouts. The internal structures imaged in the GPR show distinct lee slope 422 
accretion and landward-dipping reflections. These factors strongly suggest landward 423 
movement of wind-blown sediments as lobate climbing blowouts are aligned to 424 
southeast winds under conditions of enhanced dune activity. 425 
Shoreline conditions during the formation of this dune are not clear, however, based 426 
on the relationship between foredune building potetial and beach state (Short and 427 
Hesp 1982) fair-weather conditions are most likely to enable significant sediment 428 
transport from the beachface to the dune. This is due to the fair-weather beachfaces 429 
being generally wide and with more abundant dry sand for onshore winds to blow 430 
inland. In contrast, on actively eroding beaches, which have comparatively narrow 431 
steep beachfaces and where storms attack the established dune, sand transport is 432 
primarily by wave action with very little or no dune activity. Short and Hesp (1982) 433 
and Hesp (2002) suggested that blowouts may be produced by localised acute 434 
erosion and breakdown of the frontal dune forming the nucleus for blowout initiation. 435 
Yet at Pedro Beach the high foredune is well above the frontal dune and has formed 436 
on top of an older ridge (as evidenced by the palaeosol). It is unclear by what 437 
mechanism localised acute erosion, such as was seen in the 1974 event, would 438 
produce a foredune perched above the impact of wave attack on the fontal dune. In 439 
addition, the shoreline is not currently in an erosional state, for otherwise the clear 440 
1974 storm scarp would have been removed by new incursions of an actively 441 
eroding shoreline.  442 
A final hypothesis is that the higher dune is a feature resulting from a discrete period 443 
of disturbance, for example by human activity such as cattle grazing (e.g. at Kurnell, 444 
Sydney Roy and Crawford 1979), or the introduction and spread of feral animals. 445 
Such activity would promote the disruption of native vegetation communities, 446 
denuding the active dunes proximal to the shoreline, and allowing remobilisation of 447 
dune sediments (Bailey & Bristow 2004; Hesp 2002) which could be blown inland by 448 
onshore winds to form the high foredune. Further inland transgression of the dune 449 
would be inhibited by the presence of more established forest vegetation. The wind-450 
blown sediments would be deposited above older foredunes preserving a distinct 451 
palaeosol, as was observed at this site. It should here be noted that palaeosols were 452 
not encountered when augering into inner ridges emphasising that multiple phases 453 
of dune vertical building did not occur in the past. A return to dune stability during the 454 
mid 1900’s is also plausible given the interest in dune stabilisation by governments 455 
at many locations around southeastern Australia where dune transgression had 456 
become a significant problem for farming, houses and other community and 457 
economic assets (e.g. the high foredune at the southern end of Fens embayment 458 
which was stabilized by the NSW Soil Conservation Service after dune activity in the 459 
1940-1960’s was impinging on the Surf Life Saving Club, Thom et al. 1992). Thom et 460 
al. (1992) associated this dune instability with “pedestrian and equestrian usage” 461 
Thom et al. (1992) p223. A historical air photo of Pedro Beach from 1969 (Fig. 7) 462 
supports the notion that disturbance of the natural vegetation along the seaward 463 
portion of the barrier has occurred in the past. 464 
Conclusion 465 
This paper demonstrates the importance of geological controls on shoreline 466 
morphology inherited down timescales and imposing conditions on shorter-term 467 
morphodynamic processes. The example of Pedro Beach demonstrates that sandy 468 
barriers can transition from lower energy systems with rapid progradation to higher 469 
energy systems but with relative shoreline stability due to inherited embayment 470 
configuration. At Pedro Beach, despite a disequilibrium shoreface promoting initially 471 
rapid onshore sediment transport, inherited bedrock accommodation space appears 472 
to have independently overridden the beach, dune and shoreface morphodynamics 473 
causing progradation to halt around ca. 3900 years ago. Since this time the shoreline 474 
has remained within a narrow 100 m zone. Excess sediment at Pedro after 3900 475 
years ago may have moved north, if not subaqueously, then subaerially around 476 
Pedro Point as is currently observed. This headland bypassing has implications for 477 
compartment-based management of these sandy shorelines. Vertical foredune 478 
building at Pedro has occurred after ca. 500 years ago with a concentrated period of 479 
foredune accretion corresponding to the period from 1890-1930 AD. This feature 480 
may be related to localised blowout development from acute shoreline erosion but is 481 
more likely related to a period of localised disturbance causing remobilisation of the 482 
beach and dune sediments. 483 
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Figure 1: Map showing the location of Pedro Beach in relation to other Holocene 714 
coastal barrier deposits of the region, limited offshore substrate data and inshore 715 
reef locations. Inset map shows the location of Pedro Beach and surrounding region 716 
in relation to the NSW coast.  717 
 718 
Figure 2: Offshore profiles perpendicular to the major beaches in the region shown in 719 
Fig. 1 derived from the Australian bathymetry and Topography project in 2009 which 720 
is a nationally consistent broad-scale dataset complied from many sources. It 721 
indicated general trends but finer-scale details e.g. reef structures are not evident, 722 
despite existing in these areas. 723 
 724 
 725 
Figure 3: Elevation map derived from LiDAR of the Pedro Beach prograded barrier 726 
showing the location of OSL dated sediment samples, GPR transect locations and 727 
indications of progradation rate (m/yr), average ridge lifetime (ARL) and sediment 728 
volume above MSL (m3/m/yr) for planform subsections of the barrier. The location of 729 
the topographic profile in Fig. 4 is also denoted. 730 
 731 
Figure 4: Shore-normal topographic profile (A) (see Fig.3 for location) across the 732 
center of the Pedro Beach barrier showing the position of the OSL ages in relation to 733 
the ridges. The OSL ages in grey are from the GPR-OSL dating transect in the south 734 
and their position on this profile has been deduced by tracing the individual ridges 735 
alongshore. NB: progradation rates could vary substantially considering the OSL age 736 
error margins. The graph (B) shows a plot of the approximate shoreline length 737 
through time according to the position of the OSL ages. 738 
 739 
Figure 5: Two GPR transects (A and B, see Fig. 3 for location) traversing the high 740 
outer foredune and the active shoreline. OSL ages are shown at correct depth and 741 
position in relation to these profiles. Dotted red lines denote prominent truncations in 742 
the beach/dune stratigraphy.  743 
 744 
Figure 6: Plot of percentage barrier width against time for the Pedro barrier (black) 745 
and Moruya (Bengello Beach) (grey) to the north from Oliver et al. (2015). Ages from 746 
the central part of the barrier at Pedro Beach are represented by filled circles, while 747 
ages from the southern part of the barrier at Pedro Beach are represented by filled 748 
squares. 749 
 750 
Figure 7: DEM of the northern portion of Pedro Beach barrier derived from LiDAR 751 
with an alternate colour stretch applied which emphasises the morphology of the 752 
higher foredune. Location of GPR line A is shown (Fig. 5) and two topographic 753 
profiles across the foredune to the north (all axes in metres). Inset shows 1969 air 754 
photo of Pedro Beach suggesting significant disturbance to the natural vegetation as 755 
indicated by arrows. 756 
